The aim of this study was to evaluate the clinical value and diagnostic accuracy of 3.0T multi-parameter magnetic resonance imaging (MRI) in traumatic brachial plexus injury.
Background
Brachial plexus is a complex neural network, formed by the anterior rami of the lower 4 cervical nerves and the first thoracic nerve (C5, C6, C7, C8, and T1), which could be divided into preganglionic and post-ganglionic parts by the spinal ganglion. Traumatic brachial plexus injury is mainly caused by car accidents, occupational injuries, falling, and other accidents. Brachial plexus neuropathy can have a high morbidity by seriously affecting the motor function and sensation of upper limbs. At present, the diagnosis of brachial plexus injury is generally based on medical history, physical examination, neurological examination, and electrophysiological examination. The diagnostic accuracy is usually not satisfactory due to complex anatomical structures and varying lesion mechanisms [1, 2] . Therefore, it has been a major challenge to clearly, directly, completely, and non-invasively display the brachial plexus and the related lesions with imaging methodology.
Traditional imaging methods have limitations in clinical application. In recent years, however, with the development of 3.0T magnetic resonance imaging (MRI), it has become possible to clearly display the brachial plexus root canal, which provides not only morphological information and the location of the injury, but also has a high value for clinical diagnosis [3] . Therefore, MRI is considered the preferred imaging examination method for brachial plexus injuries and related diseases [4] [5] [6] .
In this study, the techniques of conventional sequences (T1WI and T2WI), short time inversion recovery (STIR), balanced fast field echo (balance-FFE), and diffusion weighted imaging with background suppression (DWIBS) were employed in brachial plexus nerve imaging. The diagnostic accuracy of 3.0T MRI in brachial plexus injury were investigated.
Material and Methods

Patients
A total of 28 patients with brachial plexus injury were enrolled from Liaocheng People's Hospital and the Third People's Hospital of Liaocheng from January 2015 to June 2016 as the brachial plexus injury group. Clinical manifestations included the shoulder and upper limb pain, numbness, amyotrophy, and dysfunction. The study protocol was approved by the Ethics Committee of Liaocheng People's Hospital and the Third People's Hospital of Liaocheng. Informed consent was obtained from every patient.
Examination methods
MRI was performed with the Philips Achieva TX 3.0T superconducting MR scanner, with a head and neck joint coil. Patients were scanned in the supine position with the head entering the scanner first. Before the examination, padding and cushions were put under the head and shoulder to make the patient comfortable and to reduce the curvature of the cervical spine. Patients were asked to reduce swallow activity and body movement during the scanning.
The MRI conventional scanning sequences of sagittal SE-T1WI (TR/TE, 2880/9.0 ms), and horizontal and sagittal FSE-T2WI (TR/TE, 3200/110 ms) were performed. The technique details involved in the pre-ganglionic scanning were: balance-FFE, for coronal scanning: TR/TE, 6.4/2.6 ms; FOV, 21 cm; layer thickness, 3.0 mm; layer spacing, 1.5 mm; number of scanning layer, 30 layers; and flip angle, 60°. Axial scanning was: TR/TE, 6.4/2.6 ms; FOV, 14 cm; layer thickness, 2.0 mm; layer spacing, 1.0 mm; number of scanning layer, 150 layers; and flip angle, 60°. The technique details involved in the post-ganglionic scanning were: STIR sequence for coronal: TR/TE, 5700/75 ms; FOV, 25 cm; layer thickness, 2.5 mm; layer spacing, 1.0 mm; number of scanning layer, 30 layers; and flip angle, 90°. DWIBS sequence of axial: FOV, 30 cm; layer thickness, 3.0 mm; layer spacing, 0; number of scanning layer, 60 layers; and flip angle, 90°. Scanning range: from upper edge of the 4 th cervical vertebral body down to the lower edge of the 2 nd thoracic vertebral body; from the anterior edge of the vertebral body to the posterior edge of the spinal canal. Both sides included the armpit.
Image processing and result analysis
The original images were obtained by balance-FFE, STIR, and DWIBS sequence scanning, which were imported into the Philips MR Workspace for 3D reconstruction. The maximum intensity projection (MIP), multiplanar reformation, and curved planar reconstruction (CPR) were reconstructed. The images were reviewed and analyzed by 2 senior radiologists and the images were compared to the findings which had been revealed during surgery, electromyography, or pathological examination. Signs for nerve injury mainly included the normal nerve root disappearing or interrupted, interrupted continuity, traumatic meningeal cysts, black line sign, morphological abnormality of nerve root sleeve, and thickened nerve root. Pseudo-neuroma (also known as traumatic neuroma) referred to as that which after the nerve trunk fracture, the nerve fibers continued to grow forward, and whose stump would gradually enlarge when obstructed by soft tissues and neuroma would be formed.
Statistical analysis
Statistical analysis was carried out with the SPSS 17.0 software (Chicago, IL, USA). The counting data were expressed as percentages and the differences were analyzed using the c 2 test. P<0.05 was considered as statistically significant.
Results
Study patients
There were 17 males and 11 females, with an average age of 27.2±2.6 years (age ranging from 18 to 41 years). There were 16 cases of car accident injuries, 5 cases of machine crush injuries, 3 cases of fight injuries, and 4 cases of falling injuries. The healthy volunteer control group included 13 males and 12 females, aged 25.1±2.3 years (age ranging from 20 to 38 years) with no brachial plexus injury or other brachial plexus neuropathy before examination.
MRI findings of normal brachial plexus
The pre-ganglionic nerve fibers of the brachial plexus from the 25 healthy controls were clearly imaged by balance-FFE sequence with the successful imaging rate of 100%. The preganglionic nerve fibers of the brachial plexus by balance-FFE sequence imaging showed filamentous structure ( Figure 1A , 1B). The post-ganglionic nerves of the brachial plexus from healthy controls were clearly displayed in the coronal 3D reconstruction by STIR sequence or DWIBS sequence methods ( Figure 1C, 1D ). The post-ganglionic nerves of the brachial plexus presented round structures at the intervertebral foremen and presented striped structures at the nerve root. The successful imaging rate for the brachial plexus root and ganglion by the DWIB sequence method was higher than by the STIR sequence method, with statistical significance (P<0.05). In contrast, there was no significant difference between the 2 sequence methods in displaying the supraclavicular nerve and subclavian nerve (P>0.05). The imaging results, including numbers of displayed ganglion, root, supraclavicular nerve, and subclavian nerve, are summarized in Table 1 .
Traumatic brachial plexus injury
In this study, 28 cases (54 nerves) had traumatic brachial plexus injuries;16 cases (31 nerves) had pre-ganglionic injury, and 12 cases (23 nerves) had post-ganglionic injury. The manifestations of 16 patients with pre-ganglionic injury of the brachial plexus included 9 patients with normal nerve root disappearance (or avulsion), involving 17 nerve roots ( Figure 2A ). There were 10 nerve roots that could not be continuously tracked to the 5 th intervertebral foramen. There were 3 patients with nerve root sleeve abnormalities involving 4 nerve root, with nerve root sleeve more obtuse compared with the healthy contralateral side ( Figure 2D ), and 5 traumatic cysts ( Figure 2B ). There were 4 patients with thickened dura matter (i.e., black line sign; Figure 2C ). There was 1 patient with spinal cord edema. The details are shown in Table 2 .
The manifestations of 12 patients with post-ganglionic injury of the brachial plexus included different degrees of nerve root thickening, and strong MRI signals were presented in all postganglionic injuries of the brachial plexus ( Figure 3A) ; and the post-ganglionic injury involved a total of 11 nerve roots. There were 7 patients who presented interrupted nerve root continuity and disappearance of normal structures ( Figure 3B, 3C) , involving a total of 8 nerve roots. There were 2 patients with nerve root rigor and/or structural disorders, involving 3 nerve roots.
There was 1 patient with 1 pseudo-neuroma ( Figure 3D, 3E ). There were 7 patients with post-ganglionic injury presenting with soft tissue structure disorders, muscle atrophy, and edema around the damaged nerve root. The details are shown in Table 3 .
The sensitivity, specificity, and accuracy of MRI examination For the pre-ganglionic injury of the brachial plexus, a total of 43 nerve roots were examined during surgery and 38 nerve roots were confirmed to be injured. In contrast, MRI identified 31 injured nerve roots. The sensitivity of MRI detecting preganglionic injury was 93.55%, the specificity was 71.43%, and the overall root accuracy was 89.47% (Table 4) .
For the post-ganglionic injury of the brachial plexus, a total of 32 bundles of nerve were examined during surgery and 28 were confirmed to be injured. In contrast, MRI identified 23 bundles of injured nerve. The sensitivity of MRI detecting postganglionic injury was 91.30%, the specificity was 60.00%, and the overall accuracy was 85.71% (Table 5) . 
Discussion
Sequence selection for brachial plexus scanning and its characteristics
Conventional SE (single echo) and FSE (fast spin echo) sequences are the basis of the imaging sequences. However, it is hard to distinguish the nerve from the surrounding muscle tissues using these sequences, because the signals are very similar, and high imaging quality is hard to achieve even under high contrast of the fat present. The balance-FFE sequence is a balanced steady-state free precession sequence, with short TR (repetition time) and TE (echo time), and a large deflection angle excitation. Its image has the advantages of high signal-to-noise ratio, high imaging speed, low artifacts, and good image contrast. Especially with the background contrast of cerebrospinal fluid, the multi-planar reconstruction can display improved images of preganglionic parts of the brachial plexus. The STIR sequence is based on the short T1 characteristics of adipose tissue. This technique can evenly and effectively compress the fat signal around the brachial plexus and make the brachial plexus signal predominant. The STIR sequence of thin layer can display the brachial plexus structure as continuous and clear images. Using the coronal thin slice STIR sequence, the anatomic structures and lesions in the preganglionic part of the nerve are clearly visible. DWIBS is based on STIR-EPI and diffusion weighted imaging (DWI) technology, and this technique can reduce the background signal [7] . DWIBS reduced the free water signal to the greatest extent, and therefore it cannot display the pre-ganglionic nerve root very well. However, DWIBS can well exclude the blood vessels and branches in the neck and shoulder, which has a great advantage in displaying nerve spreading. DWIBS sequences have unique advantages in displaying the brachial plexus, which is ideal for MR neural imaging [8] . Yamashita et al. [9] found that DWIBS sequence could better show the normal brachial plexus and lumbosacral plexus, while the surrounding nerves and blood vessels were hardly shown. DWIBS is not good at imaging the pre-ganglionic nerve, and it cannot be compared with other sequences in the post-ganglionic part, which is used as the first choice for diagnosing post-ganglionic injury in the brachial plexus [10] . DWIBS imaging requires shorter imaging time and higher gradient field strength, which is, however, susceptible to breathing and other motions that might lead to artifacts and uncertainty. Therefore, STIR sequence and DWIBS sequence have complementary advantages in imaging the brachial plexus.
Characteristics of normal brachial plexus images
In the balance-FFE sequence, the pre-ganglionic parts of the brachial plexus can be clearly displayed, presented as filamentous structure on the high signal contrast of cerebrospinal fluid. From the inside to the outside, the nerve roots gradually aggregate into a bundle and gather at the intervertebral foramen, and their angles to the longitudinal axis of the spinal cord from the 5 th neck nerve down to the first thoracic nerve gradually reduce. A previous study has shown that this sequence can display the pre-ganglionic nerve root with a successful rate of 100% [11] . In this study, balance-FFE sequence and the coronal joint axial scanning method were applied to obtain more valuable information. The STIR sequence and DWIBS sequence clearly displayed the post-ganglionic parts of the brachial plexus. After CPR and MIP treatment, the post-ganglionic parts of the brachial plexus were displayed in continuity on the same layer. Normal post-ganglionic ganglion displayed strong round signals at the intervertebral foramen and striped signals at the nerve roots. Comparison in the displaying performance between DWIBS and STIR sequences showed that DWIBS was superior to STIR in displaying post-ganglionic segments of the brachial plexus (nerve root and ganglion), while not superior in displaying supraclavicular nerve and subclavian nerve. The combination of DWIBS and STIR sequences can provide more valuable information.
Characteristics of traumatic brachial plexus injury
The characteristics of MRIs of the pre-ganglionic injury of the brachial plexus includes disappearance or discontinuation of the normal nerve root. The structures with filamentous signals disappeared or were unclear on the high contrast background of the cerebrospinal fluid. The injury could be clearly displayed by images obtained from coronal or axial balance-FFE sequences. This type of injury involved 17 pre-ganglionic nerve segments (54.84%), and all from patients who suffered severe brachial plexus injury. In addition, the nerve roots were with rigor, or could not be tracked to the intervertebral foremen. Meanwhile, in contrast to the contralateral side, the filaments were significantly reduced on imaging. This type of injury involved 5 patients with 10 nerve roots (32.26%). There was a total of 5 traumatic meningeal cysts found. However, meningeal cysts are not unique in brachial plexus injury. For some patients with meningeal cysts, no nerve injury was found during surgery. We also found thickened dura matter (i.e., black line sign) in 4 patients. This type of injury is common in pre-ganglionic injury of the brachial plexus, and often occurs simultaneously with traumatic meningeal cysts, manifested as striped signal (i.e., black line sign) between the meningeal cyst and normal subarachnoid space. Not all of cysts are accompanied with thickened dura matter, and the co-occurrence may be related to the injury degree [12, 13] . We found nerve root sleeve abnormalities in 3 patients involving 4 nerve roots (12.90%), which showed characteristics of increased volume when compared to the contralateral side, with the ends extended outwards. This type of injury may be related to scar formation after nerve root sleeve avulsion. We also found injury of spinal cord edema, deformation, and displacement in 1 patient. Hayashi et al. [14] found that spinal cord injury often suggests pre-ganglionic injury, and the factors that might cause spinal cord deformation (or shift) are generally structural abnormalities in the spinal canal, which compress or pull the spinal cord.
MRI (STIR, DWIRS) is the one of the appropriate methods used to show the normal post-ganglionic nerve. The characteristics of MRI in our study of post-ganglionic injury of the brachial plexus included the complete nerve rupture manifested as the interrupted continuity and retraction of distal end (7 patients with 8 nerve roots, 34.78%); or thickened nerve accompanied with increased signals caused by increasing water content in tissues under edema and inflammation (9 patients with 11 nerves, 47.82%; all injuries had occurred within 1 month). We also found nerve cord structural disorder or rigor. These features are often presented in the late stage of brachial plexus injury when the nerves were not completely ruptured, resulting in local nerve hemorrhage and fibrosis. There were 2 patients with 3 nerves presenting with this type of injury; these injuries had occurred within 1-2 years. There was 1 case (4.34%) of pseudo-neuroma detected, caused by contracture of the ruptured nerve segments. The soft tissue edema around the damaged nerve presenting disrupted structure, increased signals, and muscle atrophy. Overtime, muscle atrophy could develop due to loss of nerves. This type of post-ganglionic injury was observed in 7 patients. Our study results showed that post-ganglionic injury of the brachial plexus was closely related to the MRI features. Experts have suggested that the most common MRI characteristics in post-ganglionic injury of the brachial plexus were nerve stem thickening and increased signals, accounting for about 41% of post-ganglionic injury [15] . Our results of 47.82% were in line with this other study result. It has been reported that mixed injury of the brachial plexus is often more severe and is accompanied by both pre-ganglionic injury and post-ganglionic injury [16] . However, in our study, mixed brachial plexus injury was not identified.
The sensitivity, specificity, and accuracy of MRI examination on brachial plexus injury Based on the results obtained in our study, MRI identifying pre-ganglionic and/or post-ganglionic injury of the brachial plexus and showed high sensitivity (>90%) but low specificity. Therefore, the gold standard for brachial plexus injury diagnosis should be through surgery. However, due to the difficulty of surgery, the lesion diagnosis in some patients has been made by intraoperative electrophysiological results, which could induce bias in analyzing the specificity of MRI. Considering the limited sample size in this study, future studies are still needed to clarify the value of MRI in brachial plexus injury diagnosis.
Conclusions
The combination of MRI conventional sequence and balance-FFE, STIR, and DWIRS sequence represent an ideal imaging methodology for brachial plexus diseases. This combination can provide accurate and reliable information about the location and degree of the brachial plexus injury, and can facilitate early treatment, improve prognosis, and reduce disabilities in the clinic.
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